Abstract-The small angle X-ray scattering data obtained in an earlier investigation of a series of Na-montmorillonite clay samples containing varying concentrations of sodium metaphosphate have been used to calculate the potential energy qS(x) of the interaction between two isolated parallel clay platelets separated by a distance x. All &(x) curves have the form expected for Na-montmorillonite. In each curve there is a potential well for a platelet separation approximately equal to the most probable separation distance determined in the earlier study. Because the depth of the potential well is of the order of 0-01 eV for all samples, the attractive forces are relatively weak. While the calculated qS(x) functions are not highly accurate, in future investigations precautions can be taken to increase the reliability of the computed potential energy functions. This preliminary study suggests that determination ofqS(x) from small angle X-ray scattering data can be a useful method for quantitative study of interparticle forces in Na-montmorillonite clays.
INTRODUCTION
IN A RECENT investigation of interparticle interactions in Na-montmorillonite clay suspensions to which sodium metaphosphate had been added (Andrews, Schmidt and van Olphen, 1967) , small angle X-ray scattering data were used to calculate the pair correlation function g(x) which described the probability$ that, in an aggregate of parallel platelets, the centers of two platelets would be separated by a distance x.
The information about interparticle forces, however, was obtained indirectly. These forces can often be studied more conveniently by considering the potential energy q5 (x) of interaction of two isolated parallel clay platelets separated by a distance x.
The pair potential function 6(x) can be calculated from the experimental scattering data by use of the one-dimensional analogue of the three-dimensional theory employed in finding the pair potential from the small angle X-ray scattering data from southern bean mosaic virus suspensions (Schmidt and Taylor, 1967) . We have recently used the scattering data of Andrews, Schmidt and van *Work supported by the National Science Foundation and Department of Defense Project "Themis." tPresent address: Liquid Crystal Institute, Kent State University, Kent, Ohio. ~:Our notation differs from the terminology of Andrews, Schmidt and van Olphen. The function which they called the probability density function P(x) is identical to our pair correlation function g (x).
Olphen to compute 6(x) for a series of Namontmorillonite clay samples.
The pair correlation function g(x) can be obtained from the scattering data by numerical evaluation of the equation (Andrews, Schmidt and van Olphen, 1967) g
where h = 4rrh -1 sin(0/2), h is the X-ray wavelength, 0 is the scattering angle,
l(h) i(h) -leNF2(h).
l(h) is the scattered intensity, N is the number of scattering particles in the sample, leFZ(h) is the scattered intensity that would be obtained from a single particle for the same experimental conditions that were used to measure l(h), and L is a normalizing constant. This constant can be evaluated by noting that g(0) = 0 because of the finite thickness of the platelets. Then for x = 0, Eq. (1) givesw 
(3)
In (3), g(x) and f(x) are defined to be even functions of x.
Because the direct correlation function cannot be directly calculated from the properties of the system, Eq. (3) must be considered a definition of the direct correlation function fix) (Fisher, 1964) . Nevertheless, a convenient interpretation of (3) can be obtained by noting that according to (3), the total interparticle correlation, which is described by g(x), can be considered to be the direct correlation between two particles, given by f(x), plus the superposition of the indirect correlations propagated from the first particle to the second through a third particle. With this interpretation, f(x) can be expected to have a shorter range than g(x)-that is, for large x, f(x) decreases more rapidly than g(x).
From (1) and the convolution theorem for Fourier transforms
Thus, from (1) and (4), bothf(x) and g(x) can be calculated from i(h), which~irr turn is obtained from the experimental scattering data.
One of the most successful of the modern approximate theories of fluids is the PercusYevick theory. In the one-dimensional form of this theory (Wertheim, 1964) .
After (1) and (4) have been used to compute g(x) and f(x) from the experimental data, the pair potential q5 (x) can be found from (5).
Our calculations of the pair potential from the small angle X-ray scattering data for a onedimensional system are analogous to the techniques used by Pings (1965, 1967) to obtain the three-dimensional pair potential from large angle X-ray scattering curves for argon.
RESULTS AND DISCUSSION
The scattering data discussed by Andrews et al.(1967) were used to compute g(x) and fix).
These functions were substituted in (5) to give the pair potential 4~(x). The clay and sodium metaphosphate concentrations are listed in Table  1 . Figures 1, 2 and 3 show the qS(x) curves from Samples 1, 2 and 3. The curves for Samples 4 and 5 had essentially the same form as the curves in
Figs. 1 and 3. For Sample 6 both the l(h) and 4~(x) curves were essentially identical to the corresponding curves for Sample 1. A sodium metaphosphate concentration of 0-005 N is evidently too low to have an appreciable effect on the interparticle interactions in these clays.
All pair potential curves have a similar form. For small x, $(x) is large and positive and corresponds to a large repulsive force. As x increases, q5 (x) becomes negative and has a minimum at a distance approximately equal to the equilibrium spacing between the platelets. For larger x, the pair potential becomes positive again and has a relatively low maximum. The function f(x) then approaches zero as x becomes infinite.
This behavior agrees qualitatively with the form of the pair potential generally considered to act between Na-montmorillonite particles. Table 1 are included in Table 1 ). Since the samples were studied at room temperature, kT ~ 0.025eV.
For all samples the well depths are of the order of 0.01 eV and thus are somewhat less than kT.
The potential minimum therefore represents a relatively weak attractive force. The positions d of the potential minima differ slightly from the equilibrium spacings d because the most probable distance between platelets in an assembly of parallel platelets is determined by other factors besides 4)(x), which is the potential energy of interaction of a single pair of isolated platelets.
As the sodium metaphosphate concentration is raised, the position d, of the potential minimum decreases, and there is a tendency for the well depth ~b, to increase. These changes would be expected from the compression of the diffuse double layers on the negatively charged faces of the particles which is caused by an increase of the sodium ion activity in the equilibrium solution.
The pair potential ~ (x) can also be found from g(x) and f(x) by use of two other approximate theories, Taylor (1968) . For the clay samples, all three theories were found to give essentially the same pair potential q5 (x). A definite limit cannot be set on the uncertainty in the values of 4~ (x). This function was calculated from integral transforms of functions obtained from the experimental data. In this type of calculation, the relation between the final result and the initial data is so complicated that error bounds cannot be established. However, our experience indicates that the uncertainty in ~5(x) is certainly greater than the uncertainty in the data points, which were accurate within at least a few per cent.
A number of tests were made to estimate the effect of uncertainties in the data, Taylor (1968) . These tests showed that the overall shape of the ~b(x) curves is almost certainly correct. This conclusion is supported by the qualitative similarity of the curves for the series of samples.
The absence of a single well-defined maximum in the ~h(x) curve for Sample 2 is probably an artifact, and the weak maxima and minima in this curve for x > 100 A, are almost certainly artifacts.
The maximum of the ~b(x) curve for Sample 5 was not as well-defined as in the curves for Samples 1,3, 4 and 6. The lack of definition of this maximum probably is the result of an artifact.
The principal source of error in the ~b (x) curves is the uncertainty in the form of i(h) for small h, Taylor (1968) . Evaluation of g(x) and f(x) required extrapolation of the i(h) curves to h = 0.
Equations (1) and (4) are Fourier cosine transforms, and the integrand is large in the neighborhood of x = 0. Since this part of the integrand makes a large contribution to the integral, the form of i(h) near h = 0 has a relatively large influence on g(x) and f(x). To check the effects of extrapolation, several different extrapolations were used to compute ~b(x) for the same sample. Large changes in 4,(x) were found to be produced by unreasonably large variations of the extrapolation.
The shape of the measured portion of the i(h) curve, however, defined the extrapolation well enough to give meaningful q5 (x) curves. Although the position of the potential minimum was found to be affected only slightly by the extrapolation, the well depth was changed considerably. Since the well depth is so sensitive to the smallh extrapolation, the values of 4~. could be in error by 25% or more. Nevertheless, the trend of the ~b. values in Table 1 quite clearly suggests that the well depth increases with the concentration of sodium metaphosphate.
Because of the sensitivity of the ~b(x) curve to the small-h extrapolation, in future measurements which are to be used for calculating the pair potential, the inner part of the scattering curve should be measured especially carefully, and attempts should be made to obtain data at h values as small as possible.
Just as in this calculation of the pair potential for a one-dimensional system, uncertainties in the scattered intensity can have relatively large effects on the three-dimensional pair potential obtained from the large angle X-ray scattering data from dense fluids. Verlet (1968, pp. 204-205) has considered some of the problems encountered in this type of calculation.
Our investigation indicates the feasibility of using small angle X-ray scattering to determine the form of the pair potential 4~(x) for clays. This preliminary investigation has suggested procedures and techniques which can provide more reliable values of the pair potential. These pair potential curves will be useful in providing an understanding of the nature of the forces acting in suspensions of clay particles.
